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Abstract 

The Higgs boson production cross-sections and decay rates depend, within the Standard Model 
(SM), on a single unknown parameter, the Higgs mass. In composite Higgs models where the 
Higgs boson emerges as a pseudo-Goldstone boson from a strongly-interacting sector, additional 
parameters control the Higgs properties which then deviate from the SM ones. These deviations 
modify the LEP and Tevatron exclusion bounds and significantly affect the searches for the 
Higgs boson at the LHC. In some cases, all the Higgs couplings are reduced, which results in 
deterioration of the Higgs searches but the deviations of the Higgs couplings can also allow for an 
enhancement of the gluon-fusion production channel, leading to higher statistical significances. 
The search in the H — > 77 channel can also be substantially improved due to an enhancement 
of the branching fraction for the decay of the Higgs boson into a pair of photons. 



1 Introduction 



The massive nature of the weak gauge bosons requires new degrees of freedom and/or new dynamics 
around the TeV scale to act as an ultraviolet (UV) moderator and ensure a proper decoupling at 
high energy of the longitudinal polarizations W^,Zl. It is remarkable that a simple elementary 
weak-doublet not only provides the three Nambu-Goldstone bosons that will become the spin- 
1 longitudinal degrees of freedom but also contains an extra physical scalar field, the notorious 
Higgs boson, that screens the gauge-boson non-Abelian self-interaction contributions to scattering 
amplitudes and hence offers a consistent description of massive spin-1 particles. The minimality 
of this ElectroWeak Symmetry Breaking (EWSB) sector comes as a result of a highly constrained 
structure among the couplings of the Higgs doublet to the other Standard Model (SM) particles: a 
single parameter, the mass of the physical Higgs boson, dictates all the physical properties of the 
Higgs sector. Despite intensive searches over the last 20 years, no experimental results have been 
able to establish the reality of this theoretical paradigm. However, a harvest of electroweak precision 
data accumulated during these experimental searches, together with the absence of large flavor- 
changing neutral currents, suggests that violent departures from this minimal Higgs mechanism are 
unlikely, and rather call for smooth deformations, at least at low energy. 

This provides a plausible motivation for considering a light Higgs boson emerging as a pseudo- 
Goldstone boson from a strongly-coupled sector, the so-called Strongly Interacting Light Higgs 
(SILH) scenario [n [2j^ . At low energy, the particle content is identical to the SM one: there exists a 
light and narrow Higgs-like scalar but this particle is a bound state from some strong dynamics j4l|5] 
and a mass gap separates the Higgs boson from the other usual resonances of the strong sector as 
a result of the Goldstone nature of the Higgs. Nevertheless, the rates for Higgs production and 
decay differ significantly from those in the minimal Higgs incarnation. The aim of the present work 
is to look at how the searches for a Higgs boson are affected by the modifications of its couplings. 
Reference [6] already studied the modification induced by the strong dynamics to thegluon-fusion 



Higgs production and it was argued that it could have an impact on the Higgs searcheqj. We extend 
this analysis and estimate the experimental sensitivities in the main LHC search channels studied 
by ATLAS and CMS. 

In the attempt of providing a simple theoretical picture to parametrize the Higgs couplings 
in composite models, Ref. [l] constructed an effective Lagrangian involving higher dimensional 
operators for the low energy degrees of freedom and concluded that, as far as the LHC studies are 
concerned, the Higgs properties are essentially governed by its mass plus two new parameters. The 
effective SILH Lagrangian should be seen as an expansion in ^ = (v/ff where v = 1/VV2Gf ^ 
246 GeV and / is the typical scale of the Goldstone bosons of the strong sector. Therefore, it can 
be used to describe composite Higgs models in the vicinity of the SM limit, — t- 0. To reach the 
technicolor limit [8], ^ — t- 1, a resummation of the full series in ^ is needed. Explicit models, built 
in five-dimensional (5D) warped space, provide concrete examples of such a resummation. In our 
analysis, we will rely on two 5D models that exhibit different behaviors of the Higgs couplings that, 
we hope, will be representative of the various composite Higgs models. In these explicit models, 

^SILH models have some similarities with models where the role of the Higgs is played by a composite dilaton 
resulting from the spontaneous breaking of scale invariance. See Refs. [3] for a recent discussion. 

^See also Refs. [7] for an analysis of the gluon-fusion Higgs production in similar but different contexts. 
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the two extra parameters that generically control the coupHngqj of a composite Higgs boson are 
related to each other and the deviations from the SM Higgs couplings are only controlled by the 
parameter = (f//)^ which varies from to 10. In that sense, our analysis is an exploration of 
the parameter space of composite models along some special directions only. A complementary, 
but more general, analysis relying on the two parameters of the SILH Lagrangian is also possible, 
but it would be restricted to the range of validity of the {v/ f)"^ expansion and would not allow to 
approach the technicolor limit. For these reasons, we did not pursue it further. 

Composite Higgs models offer a continuous deformation of the SM Higgs paradigm. Another 
possible deformation consists in playing with the anomalous dimension of the Higgs field like in 
Higgsless models |10| . gaugephobic models [11], unHiggs models |12] and conformal technicolor 
models [13], whose effective 4D descriptions might involve some non-local operators to take into 
account the non-canonical dimension of the Higgs boson (see Refs. [Hj for reviews of models of 
new physics at the TeV scale). 

It should be stressed that the couplings of the Higgs boson in the SILH scenario are not the 
most general ones that would be allowed by the general principles of quantum field theory and 
the local and global symmetries of the models considered: for instance, the important anomalous 
couplings will have the same Lorentz structure as the SM ones. In principle, some couplings with a 
different Lorentz structure could also be expected, but these ones would be generated only via the 
exchange of heavy resonances of the strong sector and not directly by the strong dynamics of the 
Goldstone bosons, therefore they would be parametrically suppressed, at least by a factor (//mp)^ 
{irip > 2.5 TeV is the typical mass scale of these resonances), and are irrelevant for our analysis. 
For similar reasons and due to the Goldstone nature of the Higgs, a direct coupling of the Higgs 
boson to two gluons or two photons will always induce sub-leading effects compared with the ones 
we are considering. 

Higgs anomalous couplings are not by themselves a direct probe of the strong sector at the origin 
of EWSB. For that, one would need to wait for the direct production of the heavy resonances of 
the strong sector or to rely on the processes with two Goldstones in the final state, as in the WW 
scattering or in the double Higgs production by boson fusion [2], where the composite nature of the 
Higgs boson would manifest itself by a residual growth of the amplitudes above the Higgs mass. 
Nevertheless, the relative importance of the various Higgs production and decay channels can bring 
first insights on the dynamics that controls the Higgs sector. 

The paper is organized as follows: in Section [2l we give the general parametrization of the 
couplings of a composite Higgs as derived from the SILH Lagrangian of Ref. [1] and, for the two 
explicit 5D composite Higgs models we will consider, we give the exact form of these couplings 

^We will qualify these couplings as anomalous couplings since they differ from the SM ones. 

^Similar deviations of the Higgs couplings are also present in extra-dimensional models where the Higgs mixes 
with the radion field [2, however, in that case, the deviations do not originate from strong interactions. 

^ This statement will change when the SM fermions, and in particular the top quark, have a direct coupling to the 
strong sector. Then some top-partners are expected to give sizeable corrections to the H'yy and Hgg vertices (we will 
explore this possibility in a future work). On the contrary, when the fermions are elementary, all these corrections 
can be recast into a correction to the Yukawa couplings only and the H'yy and Hgg loop-induced vertices do not 
depend on the details of the resonance spectrum, hence, as announced, the Higgs physical properties do depend only 
on two extra parameters in addition to its mass. This structure is specific to SILH models and does not hold in 
general: indeed totally model-independent operator analyses |15lll6j lead to the conclusion that the dominant effects 
should appear in the vertices and Hgg. 
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valid for values of ^ interpolating between the SM and the technicolor limits. The deviations in 
the Higgs decay rates are presented and the bounds on the Higgs mass at LEP and Tevatron are 
studied (Section [3]). Section U] contains our main results: we first discuss the modifications, due to 
the composite nature of the Higgs boson, of the Higgs production cross-sections including the next- 
to-leading order QCD corrections and then we re-examine the various search channels for a Higgs 
boson at the LHC computing the changes in their statistical significance. At low values of ^, the 
searches are made more difficult due to a general reduction of all the Higgs couplings, but for larger 
values of ^, it is possible to increase the significance thanks, in particular, to an enhanced Higgs 
production by gluon fusion, though this enhancement is model-dependent. Finally, in Section [U we 
combine the various search channels and we present our conclusions. In the appendix, we collect 
the various estimators of the statistical significance we use in our analysis. 

2 General parametrization of the Higgs couplings 
2.1 SILH couplings 

The effective Lagrangian describing a SILH involves higher dimensional operators. There are two 
classes of higher dimensional operators: (i) those that are genuinely sensitive to the new strong 
force and will affect qualitatively the physics of the Higgs boson and (ii) those that are sensitive 
to the spectrum of the resonances only and will simply act as form factors. Simple rules control 
the size of these different operators (see Ref. [^) and the effective Lagrangian generically takes the 
form 

+ ^ (ffV'D^if) (D-WV)' + ^ (h^'d^h) (B-B^) + ... (1) 

where g,g' are the SM EW gauge couplings, A is the SM Higgs quartic coupling and y/ is the 
SM Yukawa coupling to the fermions fL,R- All the coefficients, ch,ct ■ ■ appearing in Eq. ([T]) are 
expected to be of order one unless protected by some symmetry. For instance, in every model in 
which the strong sector preserves custodial symmetry, the coefficient ct vanishes and only three 
coefficients, ch-, Cy and cg, give sizable contributions to the Higgs (self-)couplings. The operator ch 
gives a correction to the Higgs kinetic term which can be brought back to its canonical form at the 
price of a proper rescaling of the Higgs field, inducing a universal shift of the Higgs couplings by a 
factor 1 — Ch For the fermions, this universal shift adds up to the modification of the Yukawa 
interactions 

4// = 9H}f X [1 - (cj/ + ch/2)C], (2) 
9hvv = aWvv X (1 - e/2), ginvv = &vv x (1 " 2ch (3) 
where V = W,Z, g^^jj = mj/v (?nj denotes the fermion mass), g^^^+-^_ = gM\Y, g^^zz ~ 

g"^ + g''^Mz, g^jj^^+^^- = g'^/2 and g^^jjzz — (^^ +5'^)/2- As announced in the Introduction, 
all the dominant corrections, i.e., the ones controlled by the strong operators, preserve the Lorentz 
structure of the SM interactions, while the form factor operators will also introduce couplings with 
a different Lorentz structure. 
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2.2 Higgs anomalous couplings in two concrete models 

The Holographic Higgs models of Refs. |17H19j are based on a five-dimensional theory in Anti de- 
Sitter (AdS) space-time. The bulk gauge symmetry 50(5) x U{l)x x SU{3) is broken down to 
the SM gauge group on the UV boundary and to 50(4) x U{l)x x SU{3) on the IR. Since the 
symmetry-breaking pattern of the bulk and IR boundary is given by 50(5) — >• 50(4), we expect 
four Goldstone bosons parametrized by the 50(5)/50(4) coset [18] : 

S = (S)e^/^ (S) = (0,0,0,0,1) , H = ^ ^ , (4) 

where is a real 4-component vector, which transforms as a doublet under the weak SU (2) group 
and can be associated with the Higgs. The couplings between the Higgs boson and the gauge fields 
are obtained from the pion kinetic term 



In the unitary gauge where S = (sin if//, 0, 0, 0, cos if//), Eq. ([5]) gives 



CKin = ^d^Hd^'H + mUH) 



2 cos^ Ow 



with mw{H) = ^ sin — . (6) 
2 / 



Expanding Eq. ([6]) in powers of the Higgs field, we obtain the Higgs couplings to the gauge fields 



9HVV = gWvV \/l - C > 9HHVV = 9HHVV (1-2^) , (7) 

with the compositeness parameter ^ defined as 

.^(^)^..f. 

The couplings of the Higgs boson to the fermions can be obtained in the same way, but they will 
depend on the way the SM fermions are embedded into representations of the bulk symmetry. In 
the MCHM4 model [18] with SM fermions transforming as spinorial representations of 50(5), the 
interactions of the Higgs to the fermions take the form 

- H 
£Ynk = -mf{H)ff with mf{H) = Msinj . (9) 

We then obtain 



MCHM4: gnff = gWff • (10) 

In the MCHM5 model [TO] with SM fermions transforming as fundamental representations of 
50(5), the interactions of the Higgs to the fermions take the following form (M is a constant of 
mass-dimension one) 

- ')l-f 
CYnk = -mf{H)ff with mf{H)=Msm— . (11) 



We then obtain 

MCHM5: gnff = gWff ^= • (12) 
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In both models, the Higgs couphngs to gauge boson are always reduced compared to the SM 
ones, as expected from the positivity theorem |20j on the ch coefficient of the SILH Lagrangian. 
On the contrary, the two models exhibit different characteristic behaviors in the Higgs couplings 
to fermions: in the vicinity of the SM, i.e., for low values of ^, the couplings are reduced, and 
the reduction is more important for MCHM5 than for MCHM4, but, for larger values of ^, the 
couplings in MCHM5 are raising back and can even get much larger than the SM ones. This latter 
effect is at the origin of an enhancement of the Higgs production cross-section by gluon fusion, 
enhancement that will significantly affect the Higgs searches. 

In the previous expressions for the anomalous Higgs couplings we keep the full ^-dependence, 
without expanding in small ^. In general, higher-order derivative operators for S would induce 
momentum dependent corrections to these couplings but, as discussed in Ref. [T], such contributions 
will be suppressed by powers of p^/m^, and we neglect such effects. 

2.3 Branching ratios and total v^idths 

The partial widths in the composite Higgs models can be easily obtained from the SM partial widths 
by rescaling the couplings involved in the Higgs decays. Since in MCHM4 all Higgs couplings are 
modified by the same universal factor ^/T^^, the branching ratios are the same as in the SM 
model. The total width will be different though by an overall factor 1 — ^. 

In MCHM5, all partial widths for decays into fermions are obtained from the SM widths by 
multiplication with the modification factor of the Higgs Yukawa coupling squared, 

TiH ^ //) = T^'\H ^ //) . (13) 

The Higgs decay into gluons is mediated by heavy quark loops, so that the multiplication factor is 
the same as for the fermion decays: 

m ^ gg) = ^i^^ T'^^iH ^ gg) . (14) 

For the Higgs decays to massive gauge bosons V we obtain 

r{H ^ VV) = {1 - C) r^^\H ^ VV) . (15) 

The Higgs decay into photons proceeds dominantly via VF-boson and top and bottom loops. Since 
the couplings to gauge bosons and fermions scale differently in MCHM5, the various loop contribu- 
tions have to be multiplied with the corresponding Higgs coupling modification factor. The leading 
order width is given by 

1 2 



T{H ^ 77) 



where 



1 - 2^ 



(16) 



I^iMn) = |Fi/2(4M2/M2,), J^{Mh) = Fi{AM^/Ml] 
Fi/2(x) = -2x[l + (l-x)/(x)], Fi(x) = 2 + 3x[l + (2-x)/(x)], (17) 
/(x) = arcsin[l/-^/x]^ for x > 1 and f{x) = —j log k^"^^^^ 



i\-x 



2 

for X < 1. 
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Both decays into gluons and photons are loop-induced and might in principle be affected by 
possible new particles running in the loops. The set-ups we are considering, however, assume that 
the only chiral degrees of freedom the Higgs couples to are the SM ones (see footnote [5|) . This will 
certainly be modified if the top quark, for instance, is a composite particle since additional top- 
partners would then also be expected to have a significant coupling to the Higgs (see for instance 
Ref. |21j). Under our original assumption, the corrections to the H^^ and Hgg vertices originate 
from the modified Yukawa interactions only and the loop-decays can be safely computed in the 
framework of our effective theory. The higher order corrections to the decays are unaffected as long 
as QCD corrections are concerned, since they do not involve the Higgs couplings. 

We have calculated the Higgs branching ratios with the program HDECAY [22] where we 
have implemented the modifications due to the composite model described above. The program 
HDECAY includes the most important higher order corrections to the various Higgs decays and 
includes the off-shell effects in the Higgs decays into massive gauge bosons and a top quark pair. 

Figure [J shows the branching ratios in the SM and those of MCHM5 for three representative 
values of ^ = 0.2,0.5,0.8. The Higgs mass range has been chosen between 80 and 200 GeV, which 
is the mass range favoured by composite Higgs models. Notice that the lower mass range has not 
been excluded yet completely by the LEP bounds (see Section [3]). 

The SM branching ratios show the typical behaviour dictated by the Higgs mechanism, which 
predicts the Higgs couplings to the matter particles to be proportional to the mass of these particles. 
A Higgs boson in the intermediate mass range, 0{Mz) < Mh < 0(2Mz), dominantly decays into 
a bb pair and a pair of massive gauge bosons, one or two of them being virtual. Above the gauge 
boson threshold, it almost exclusively decays into WW, ZZ, with a small admixture of top decays 
near the threshold (not visible in this Figure, being outside the mass range plotted here). Below 
~ 140 GeV the decays into t~^t~ , cc and gg are important besides the dominant bb decay. The 77 
decay, though very small, provides a clear 2-body signature for the Higgs production in this mass 
range. The branching ratios in MCHM4 are exactly the same as in the SM, since all couplings scale 
with the same modification factor, which then drops out in the branching ratios. 

As can be inferred from Figs. [H for non-vanishing ^ values, the branching ratios (BRs) in 
MCHM5 can change considerably. The behaviour can be easily understood by looking at Fig. [2] 
which shows the same branching ratios as a function of ^ for two representative values of the 
Higgs boson mass, Mh = 120 GeV and 180 GeV. The BRs into fermions are governed by the 
(1 — 2^)^/ (1 — ^) prefactor of the corresponding partial widths: as ^ increases from 0, there is first 
a decrease of the fermionic BRs, until they vanish at ^ = 0.5 and then grow again with larger 
The same behaviour is observed in the decay into gluons, which is loop-mediated by quarks. The 
decays into gauge bosons show a complementary behaviour: for small ^, due to the decreasing 
decay widths into fermions, the importance of the vector boson decays becomes more and more 
pronounced until a maximum value at = 0.5 is reached. Above this value the branching ratios 
into gauge boson decrease with increasing Higgs decay widths into fermion final states: the Higgs 
boson becomes gaugephobic in the technicolor limit (^ — )■ 1). 

Coming back to Fig.[Tl we see that for small ^ = 0.2, the decays into massive and massless gauge 
bosons set in at lower Higgs mass values and are more important than in the SM. The BR into 77, 
especially important for low Higgs mass searches at the LHC, is larger now. The branching ratio 
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Figure 1: Higgs branching ratios as a function of the Higgs boson mass in the SM = 0, upper left) and 
MCHM5 with ^ = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right). 

into bb gets less important, an effect that is more visible at higher Higgs masses. This behaviour 
culminates at £ = 0.5, where only decays into gauge bosons are present due to the closure of the 
decays into term,„nfl In pa^ticnlar, the H.ggs decay mode into photon, can reach large valnes np 
to ~ 70 % at 80 GeV in this case. Note also that, for ^ = 0.5, the decay into a pair of gluons is also 
absent since the Higgs does not couple to the top quark. In practice, however, such a decay can 
be mediated by the heavy vector resonances of the strong sector. Also the branching ratios into 
massive gauge bosons are significant at low Higgs masses, while above the gauge boson thresholds 
they approach their SM values. For large ^ = 0.8, the low Higgs mass region is dominated by the 
decays into heavy fermions. The branching ratios extend to somewhat higher Higgs mass values 

® Instead the Higgs boson could decay into fermions through an electroweak particle-loop (note that the interference 
term with the tree-level decay is absent since the tree-level amplitude is vanishing) and the decay could in principle 
compete with the 77 decay, which is also loop mediated and plays an important role for small Higgs masses. However, 
in addition to the loop suppression, the decay into light fermions has an additional suppression factor of order rrij /M'^ 
where m/ is the light fermion mass and M is a mass of electroweak size that can be either the Higgs mass, the top 
mass or the W mass depending on the diagram involved. We have checked numerically that this loop decay channel 
into bb is about 2 orders of magnitude subdominant compared to the 77 decay. Similarly, a fermiophobic Higgs boson 
can also decay radiatively into two gluons, but this 2-loop EW process will be totally negligible. 
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Figure 2: The branching ratios of MCHM5 as a function of ^ for Mr = 120 GcV (left) and Mr = 180 GeV 
(right). 



than in the SM. The onset of the gauge boson decays is postponed to Higgs mass values larger than 
in the SM. 

Figure [3] shows the Higgs width as a function of Mh in the SM and for ^ = 0.2, 0.5 and 0.8 
both in MCHM4 (left plot) and MCHM5 (right plot). Below ~ 150 GeV, the width is rather smah 
and increases rapidly as the vector boson decay channels open up. The Higgs width in MCHM4 
and MCHM5 is also plotted in Fig. din the {Mh,0 plane. In MCHM4, the total width decreases 
monotonously with rising ^ due to the rescaling of the couplings with ^/l — ^. In MCHM5, the total 
width develops a pronounced minimum at ^ = 0.5 for low Higgs mass values (the light region on 
the right plot of Fig. H]) . The origin of this minimum is of course the reduced couplings to fermions 
which even vanish identically at ^ = 0.5. For larger values of the fermionic channels reopen 
and the total width rises with growing ^. At large Higgs masses the total width is dominated by 
gauge boson decays at low ^ values, since we are above the gauge boson threshold here. At large 
^ values the role is taken over by the fermion decays, which do not become as large as the gauge 
boson decays, however, so that also in the limit — )• 1, for large Higgs mass values the total width 
remains below the SM value at = 0. A small total width may be of advantage for Higgs boson 
searches since more stringent mass cuts could be applied in that case. However, in our analysis, we 
will simply study how the Higgs searches rescale with ^ and we will not try to optimize the cuts 
used in the SM searches to a different Higgs width. 

3 Constraints from LEP, the Tevatron and electroweak precision data 

Higgs searches at LEP and the Tevatron set constraints on the parameter space {Mh,^} of tl^s 
composite Higgs models we consider. Figure [5] shows the excluded regions for MCHM4 (left) and 
MCHM5 (right). To generate the plots we have used the Higgsbounds program [23] . cross-checking 
the results wherever possible and modifying it suitably to take into account the latest changes in 
Tevatron limits. 

At LEP, the most relevant search channel is e'^e~ — )• ZH — )• Zhh [M], which is sensitive both 
to the Higgs-gauge coupling (in Higgs-strahlung production) and to the Higgs-fermion coupling (in 
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Figure 3: The Higgs total width Fjj (in GeV) vs. Mh (in GeV) in the SM (continuous hne) and for ^ = 0.2 
(dashed), £, = 0.5 (dot-dashed) and ^ = 0.8 (dotted) in MCHM4 (left) and MCHM5 (right). 
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Figure 4: Contour plots of the Higgs total width, F^, in the plane {Mh, for MCHM4 (left) and MCHM5 
(right). The contours correspond to Th = 10^'^, 10^^, 10^^ and 0.5 GeV. 

the Higgs decay). The former coupling is reduced in both models and explains why the SM lower 
Higgs mass limit A-Ih > 114.4 GeV is degraded in the composite models, as shown in Figs. O In 
MCHM5, the Higgs-fermion coupling vanishes at = 0.5 implying that the limit from the above 
process is lost in the neighbourhood of this ^ value. In this region the process e+e~ — )• ZH — )• Z77 
can be exploited [25]. LEP sets a limit on {(Tzh/o'zh) ^ BR{H — )• 77) which does not translate 
into a limit on Mh in the SM but is useful in our composite model to cover the ^ = 0.5 hole in the 
H ^bb LEP limit (see Fig. O right). 

At the Tevatron, the most relevant search is through the H — )■ WW decay, which in the SM 
excludes at 95% C.L. the mass range 162 GeV < Mh < 166 GeV [26]. In our composite models this 
excluded band shrinks to zero quickly once slightly exceeds zero, as then the production cross- 
section (dominated by the gluon-fusion process) is reduced. In MCHM5, however, Tevatron can 
exclude a region with Mh ~ 165 — 185 GeV and large ^ > 0.8 through the channel H — t- WW with 
the W^s decaying leptonically [26] • This occurs thanks to the enhancement of Yukawa couplings 
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Figure 5: Experimental limits from Higgs searches at LEP (blue/dark gray) and the Tevatron (green/light 
gray) in the plane {Mh,0 for MCHM4 (left) and MCHM5 (right). EW precision data prefer low value of 
5: the red continuous line delineates the region favored at 99% CL (with a cutoff scale fixed at 2.5 TeV) 
while the region below the red dashed line survives if there is an additional 50% cancellation of the oblique 
parameters. 



at large ^, which boosts the gluon-fusion production mechanism while the WW branching ratio 
is still high (unless one is really close to ^ = 1, when fermionic decays take over). For such large 
values of ^ (^ 0.97) in MCHM5, the decay H ^ tt would lead to an observable signature 
at the Tevatron [27] and the corresponding parameter region is also excluded (see Fig. [5l right). 
Nevertheless, this region is already at the border of the regime of nonperturbative Yukawa couplings 
(see below) where the validity of our computations is not guaranteed. In any case, these Tevatron 
exclusion bounds should be regarded as rough estimates. Indeed, the Tevatron collaborations 
combine different search channels in a very sophisticated way. The relative importance of the 
search channels in our concrete models changes, however, with varying ^. For each ^ value, the 
search channels would have to be combined at the same level of sophistication as done by Tevatron 
analyses. This is clearly beyond the scope of our work, though. Nevertheless, the bounds presented 
in Fig [5] serve to get an approximate picture of exclusion regions due to Tevatron searches. 

In the SM, the Higgs mass is notoriously constrained not only by direct searches but also 
by EW precision data. As is well known [28], the oblique parameters are indeed logarithmically 
sensitive to the Higgs mass. In composite models, there are three main contributions to the oblique 
parameters whose origin can be easily understood using the SILH effective Lagrangian ([T]): (i) The 
operator ct gives a contribution to the T parameter, T = ctv'^/ f"^, which would impose a very 
large compositeness scale; however, assuming that the custodial symmetry is preserved by the 
strong sector, the coefficient of this operator is vanishing automatically. The explicit models we are 
considering fulfill this requirement, (ii) A contribution to the S parameter is generated by the form 
factor operators only, S = {cw +CB)My^r/Mp, and will simply impose a lower bound on the mass of 
the heavy resonances, rup > 2.5 TeV. Throughout this paper, we have assumed that the mass gap 
between the Higgs boson and the other resonances of the strong sector is large enough to satisfy 
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this bound, (hi) Finahy, there is a third contribution to the obhque parameters that wih constrain 
the parameter space of our set-up: since the couphngs of the Higgs to the SM vectors receive some 
corrections of the order ^, the nice cancelation occurring in the SM between the Higgs and the 
gauge boson contributions to S and T does not hold anymore and they are both logarithmically 
divergent [29] (the divergence in T will eventually be screened by resonance states if the strong 
sector is invariant under the custodial symmetry). S and T, or equivalently 61^3 [30], can be easily 
estimated from the SM log(M/f) pieces 



Therefore, EW precision data prefer low values of the compositeness parameter ^. In Fig.[5l we have 
plotted the upper bound on ^ as a function of the Higgs mass (continuous red line) obtained from 
the 99% CL limits on 61,3. Allowing a partial cancellation of the order of 50% with contributions 
from other states, the upper bound on ^ is relaxed by a factor of about 2 (dashed red line). 

Finally, it should also be mentioned that the limit ^ — ?• 1 is not fully consistent with basic 
perturbative requirements, in particular for MCHM5. Indeed, in deriving the Yukawa coupling 
of the top, we fixed the top mass to its experimental value, which requires some 5D coupling to 
become very large in the limit ^ — )■ 1. The exact perturbative limit depends on the details of the 
models and the way the top mass is actually generated. A simple estimate can be inferred by 
writing Eq. (|lip with M = Xf where A is a dimensionless coupling that should be bounded from 
above. We will simply require A < in, which gives 



This limit, though certainly not very accurate, gives an idea on the maximal possible value for ^. 
4 LHC Searches 

In the composite Higgs models, the Higgs boson search channels can be significantly changed 
compared to the SM case, due to the modified production cross-sections and branching ratios. As 
an extreme example, in MCHM5, the Higgs couplings to fermions will be absent for ^ = 0.5. In 
this case, the Higgs boson production through gluon fusion, which is dominant in the SM, cannot 
be exploiteci^. On the other hand the branching ratios into gauge bosons will be enhanced due to 
the absence of the decay into bb final states. In order to identify which search channels become 
important and which search strategy should be applied, we produced contour plots (in the {Mh,0 
parameter plane) of the expected significances for different search channels in the two composite 
Higgs models discussed above. Before we present our results, we will first discuss how the production 
cross-sections of a composite Higgs boson change. 

^In principle, when the Higgs boson decouples from the fermions, the gluon-fusion production process can still 
receive a contribution from the heavy resonances of the strong sector, but this contribution is negligible when the 
masses of these resonances are above 2-3 TeV as required by EW precision data. The 2- loop EW gluon-fusion process 
is also totally negligible. 




5ei « 8.6 • 10-4 X [log{MH/Mz) -^logiMn/A)] 
563 « 5.4 • 10-4 X [log{MH/Mz) -Oog{MH/A)] 



(18) 



C < 1 - {mt/{87rv)f ^ 0.999 . 



(19) 
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--H W,Z^---H %wvw<^ ^^ymjK^^-H 



Figure 6; Generic diagrams eontributing to Higgs produetion in gluon fusion, weak-boson fusion, Higgs- 
strahlung and associated production with heavy quarks. 

4.1 Higgs boson production cross-sections 

At the LHC, the relevant Higgs production processes (depicted in Fig. [6]) are (for reviews, see 

Refs. mm\) 



Gluon fusion The gluon-fusion process gg ^ H [33] constitutes the most important Higgs pro- 
duction cross-section in the SM. At leading order, it is mediated by top and bottom quark 
loops. The next-to-leading order (NLO) QCD corrections have been obtained including the 
full mass dependence of the loop particles [34] as well as in the heavy top quark limit [341135] . 
The NLO corrections increase the total cross-section by 50-100 %. The next-to-next-to lead- 
ing order (NNLO) corrections have been determined in the heavy top quark limit enhancing 
the total cross-section by another 20% ^6]. These results have been improved by soft-gluon 
resummation at next-to-next-to-leading log (NNLL) accuracy adding another ~ 10% to the 
total cross-section |37] . Recently, the top quark mass effects on the NNLO loop corrections 
have been investigated |38j and confirmed the heavy top limit as a reliable approximation in 
the small and intermediate Higgs mass range. Furthermore, the electroweak (EW) corrections 
have been evaluated and turned out to be small [39] . 

We have calculated the gluon-fusion cross-section including the NLO QCD corrections with 
the full mass dependence of the loop particles. This corresponds to the approximation used in 
the CMS analyses. Since the gluon-fusion cross-section is mediated by heavy quark loops and 
the NLO QCD corrections do not affect the Higgs couplings, the gluon-fusion composite-Higgs 
production cross-section is obtained from the NLO QCD SM cross-section by the squared 
rescaling factor for the Higgs Yukawa coupling [see Eqs. (llOp and ()12p ]. hencqj 

<yNLo{gg^H) = {i - <yltlo{99 ^ H) MCHM4, 

'JNLoigg^H) = al,%{gg ^ H) MCHM5. 

The NLO SM gluon-fusion cross-section has been obtained with the program HIGLU [40] . 

W/Z boson fusion The next-important SM Higgs boson production cross-sections are the W 
and Z boson- fusion processes qq ^ qq + W*W* / Z* Z* — ?• qqH [Jl]. They also play a role 
for Higgs boson searches in the intermediate mass range, since the additional forward jets 
allow for a powerful reduction of the background processes. The NLO QCD corrections are 
of order 10% of the total cross-section [311132]. The full NLO QCD and EW corrections to 
the differential cross-sections result in modifications of the relevant distributions by up to 



^Equations H2Up agree with the results obtained in Ref. [B], which confirms the claim of footnote [S] that all the 
corrections to the H-yy and Hgg vertices originate from the modified Yukawa interactions. 
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20% 03]. 



We have calculated the Higgs boson production in gauge boson fusion at NLO QCD, which is 
the approximation used in the ATLAS and CMS analyses. Since the QCD corrections do not 
involve Higgs interactions, the NLO QCD production cross-section for the composite Higgs 
model can be obtained from the SM NLO QCD process by multiplication with the same 
rescaling factor as for the Higgs gauge coupling squared [see Eq. ([7])], i.e., 

aNLoiqqH) = (1 - 6 (^nlo(.QQH) for MCHM4 and MCHM5 . (21) 
We have obtained the SM production cross-section at NLO with the program VV2H |44j . 

Higgs-strahlung The Higgs-strahlung off W, Z bosons qq — )• Z* /W* H + Z/W provides alter- 
native production modes in the intermediate mass range M}j < 2M2 [45] . The NLO QCD 
corrections are positive and of 0(30%) [31^146) while the NNLO corrections are small |47j . 
The full EW corrections are known and decrease the total cross-section by 0(5-10%) [35] . 

The NLO QCD corrections do not involve the Higgs couplings, so that the composite Higgs- 
strahlung cross-section at NLO QCD is obtained from the corresponding SM cross-section by 
the same rescaling factor as for the Higgs gauge boson coupling squared: 

(JNLo{VH) = (1 - af/foi^H) for MCHM4 and MCHM5 , (22) 

where V denotes W, Z. The NLO QCD SM Higgs-strahlung cross-section has been obtained 
with the program V2HV [H]. 

Higgs radiation off top quarks plays a role only for the production of a light SM Higgs boson 
with masses below ~ 150 GeV. The LO cross-section [49] is moderately increased (~ 20%) at 
the LHC by the NLO QCD corrections [50] . The production of a composite Higgs boson in 
association with a top quark pair at NLO QCD is obtained from the SM cross-section via 

ONLoiHtt) = {I - 5) al,%{Htt) MCHM4, 

(TMLoiHtt) = ^-10^ af,%{Htf) MCHM5. ^^^^ 

The LO SM cross-section has been obtained by means of the program HQQ [44j . Subsequently 
it has been dressed with the K-factor quantifying the increase of the SM cross-section due to 
NLO corrections. In MCHM5, this cross-section may provide an interesting search channel 
for large values of ^ near one, where the enhancement factor compared to the SM cross-section 
becomes significant. 

In MCHM4, all Higgs production cross-sections are reduced by the overall factor (1 — ^). We 
do not show these cross-sections separately since they can easily be obtained from the SM results, 
which are shown in Fig. [7| upper left. In order to make contact with the existing ATLAS and 
CMS experimental analyses of SM Higgs searches we use ^/s = 14 TeV, even if this is beyond the 
value the LHC will be able to reach in its first years of running. The production cross-sections in 
MCHM5 are also shown in Fig. [71 as a function of the Higgs boson mass in the interesting mass 
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M„ [GeV] 



200 
M„ [GeV] 



Figure 7: The LHC Higgs boson production cross-sections as a function of the Higgs boson mass in the SM 
= 0, upper left) and for MCHM5 with ^ = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right). 



range Mh = 80 200 GeV for = 0.2,0.5 and 0.8. In the SM, the main production is given 
by gluon fusion, followed by gauge boson fusion. The Higgs-strahlung processes HW, HZ and the 
production in association with top quarks are less important. For ^ = 0.2 the processes involving 
quarks, i.e., gluon fusion and tiH production, are reduced by a factor 0.45 and the gauge boson 
processes, WW, ZZ fusion and Higgs-strahlung HW, HZ, are multiplied by a factor 0.8, according 
to Eqs. (|20p to (j23|) . The inclusive Higgs production will hence shrink considerably and might 
render the Higgs searches difficult. The situation gets worse for ^ = 0.5, where the gluon fusion 
and tiH processes are completely absent and the gauge production processes are diminished by a 
factor 2. For ^ = 0.8, on the other hand, the situation is reversed: while the gauge boson fusion and 
Higgs-strahlung processes are only 20% of the corresponding SM production processes and might 
eventually not be exploitable for Higgs boson searches, the gluon fusion and tiH production are 
enhanced by a factor 1.8. 

4.2 Statistical significances for diff"erent search channels 

In order to obtain the significances for the most important Higgs boson search channels at the 
LHC, we refer to the analyses presented in the CMS TDR [51] . Referring to the ATLAS TDR 
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analyses [52] would not lead to very different results. The derivation of the significances in the 
composite Higgs models is drastically simplified by the fact that in our models we assumed only 
the couplings of the Higgs bosons to deviate from the SM. Therefore only the numbers of the signal 
events are modified while the numbers of the background events do not change. More precisely, 
we proceed as follows. The experimental analyses obtain the signal and background numbers in 
the investigated Higgs boson search channels after application of cuts. We take the signal numbers 
and rescale them according to our model. The rescaling factor x. is dictated by the change in the 
production cross-sections and branching ratios compared to the Standard Model. For the composite 
Higgs production in the process p with subsequent decay into a final state X, this factor is then 
given by 

aSMBR{HSM ^ X) ■ ^ ^ 

The number of signal events s is obtained from 

s = X • , (25) 

where we take the number of SM model signal events after application of all cuts, s'^^'^ , from the 
experimental analyses. The signal events s and the background events after cuts, i.e., b = b^^'^ are 
used to calculate the corresponding significances in the composite Higgs model. 




Figure 8: The significances in different Higgs search channels as a function of the Higgs boson mass in the 
SM with J £ = 30 fb^^ and a CMS-type of analysis. The significances are computed using the data given 
in Tables [IJISI they will slightly differ from the official CMS numbers which rely on a more sophisticated 
statistical analysis. 



Figure [8] shows for reference the significances of different channels searching for a light SM Higgs 
boson at CMS, as a function of Mh = 115^200 GeV with / £ = 30 fb"^. The gold-plated channel 
with 4 leptons in the final state from the Higgs decay into Z bosons reaches significances above 5 
standard deviations for Higgs masses > 125 GeV. For Higgs masses around the W boson threshold 
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inclusive production with subsequent decay into W bosons takes over. Higgs production in vector 
boson fusion, with decay into WW, provides an efficient search channel in the intermediate region 
~ 140 -ir 180 GeV. The light Higgs mass region below ~ 120 GeV turns out to be more difficult. 
Sophisticated cuts and combination of several search channels are needed to achieve significances 
above 5a. In this way, the LHC will be able to cover the whole canonical Higgs mass range up to 
~ 600 GeV (not shown in the plot). The ATLAS experiment provides a similar coverage. We take 
these SM results as a benchmark and study how the modified couplings of a composite Higgs will 
change this picture. The channels we investigate are 

Inclusive production with subsequent decay : — )■ 77 

H ZZ ^2e2n,4e, An 

H WW 2l2v (26) 

Vector boson fusion with subsequent decay : H — )• WW — )• Ivjj 

H ^ TT ^1+ j + EJp^'^ . 

We do not consider other Higgs channels which are of subleading importance. For example, 
we do not discuss tiH production with subsequent decay into bh. This channel has been removed 
recently from the list of possible search modes, since controlling the background appears to be too 
difficult to make reliable predictions. We have also checked that we do not gain much significance 
by the inclusion of the gluon- fusion Higgs production followed by rr decay, with an additional 
resolved jet {pp H + j ^ tt + j) [53], which has been recently revived in [5l] as a promising 
channel for light Higgs searches in models with an enhanced Higgs BR into rr. In our models, 
whenever this channel has a sizeable significance, other channels already provide large significance. 

In the following, we will discuss each channel in turn, giving the expected significance as a 
function of the Higgs mass Mh and the parameter. For concreteness, we fix the integrated 
luminosity to /£ = 30 fb^^ We b ase ourselves on the CMS TDR |51] and the relevant CMS 
Notes. Similar results would be expected for ATLAS. 

Since the CMS analyses calculate the significances with different definitions for the various 
channels, we take the pragmatic approach to get our ^ = significances as close as possible to 
the SM result given by CMS, so that any deviation at ^ 7^ can be attributed to the composite 
character of the Higgs. We are forced then to choose different significance definitions (as listed 
in the appendix). Our combined significances have been obtained by adding in quadrature the 
individual significances without caring about their heterogeneous nature and, therefore, have to be 
taken as merely indicative. 



4.3 H ^ jj 

This channel is of crucial importance for the Higgs search at low masses (below ~ 150 GeV, see 
Fig. [8|) where the decays into real gauge bosons are closed. Furthermore, since the decay into 
photons is loop-mediated, it is sensitive to new physics effects due to new particles in the loop 
(see Ref. [16] for a recent study). The signature is characterized by two isolated high Ej- photons. 
While the photons can easily be identified, this channel is very challenging due to the small signal 
rate compared to the large background. The reason is that the Higgs boson dominantly decays 
into bb in this mass region, which cannot be exploited though due to the high QCD background. 
The 77 signal will appear as a narrow mass peak above the large background. The latter can be 
measured from the sidebands outside the peak and extrapolated into the signal region. 
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For the production cross-sections, we use the same as in the CMS analyseqj which are based 
on the Higgs production in gluon fusion, vector boson fusion, associated production with W, Z 
bosons and Hti production. As SM benchmark data for the expected significance we use the 
CMS standard cut-based analysis, see Table [H which subdivides the total sample of events in a 
number of different categories especially designed to improve the combined significance. A more 
sophisticated analysis [51] leads to even higher significances and our results for this channel are 
therefore conservative. 



Mh (GeV) 


115 


120 


130 


140 


150 


ScMS 


5.4 


5.7 


6.0 


5.5 


4.0 



Table 1: Expected significances for the SM Higgs search in the — > 77 channel, with J £ = 30 fb ^, as 
given by the standard CMS cut-based analysis presented in Ref. [55], Fig. 5. 



At the different steps of this analysis the partial significances of the different categories are 
well described by the simple formula Si/y/bl so that the analysis for the composite Higgs can be 
performed exactly in the same way, except for an overall universal factor that takes into account 
the change in the signal yields, so that the combined total significance is rescaled by that same 
universal factor. While a dedicated CMS-type cut-based analysis for the composite Higgs case could 
improve over the rescaled significance, this simple recipe allows us to make smooth contact with 
the CMS results and to improve over simpler significance estimates which use the total number of 
signal and background events. 




115 120 125 130 135 140 145 150 115 120 125 130 136 140 145 160 

Mh [GeV] Mh [GeV] 



Figure 9: The signal significance in the channel — > 77 in the (Mh, plane with an integrated luminosity 
of 30 fb"^ for MCHM4 (left) and MCHM5 (right). The darker the color, the higher the significance. The 
contours delineate the regions corresponding to a significance of 1, 3, 5 and lOcr. 

The results for the significances in both MCHM4 and MCHM5 are presented in Fig. [9] as contour 
lines in the plane {Mh,C)- The values along the ^ = axis coincide with the SM numbers as given 

^See section 2.1 of the CMS TDR [51] and the CMS Note 2006/112 [55]. 
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in Table [H In MCHM4 (left plot), the significance degrades quickly as ^ gets larger as a result of 
the production cross-section getting smaller with the decreasing rescaling factor (1 — ^) (we remind 
the reader, that in MCHM4 the branching ratios do not change compared to the SM). This trend 
will recur in all channels. In MCIIM5 (right plot), the significance is worst along intermediate 
values of ^ where the total production cross-section has a minimum, although this effect is partially 
compensated at low Higgs masses by the increase in the -ff — )• 77 branching ratio in this ^ region, 
see Figs. [1] and [71 Both behaviours are due to the vanishing Yukawa couplings at = 0.5. The 
expected significance is larger than 5a in a large region of parameter space, especially for ^ near 
1, where the production cross-sections mediated via Yukawa couplings are largely enhanced. Here 
the significances can be larger than those of the SM. 

4.4 H ^ ZZ ^ 41 

This clean channel, with the Higgs decaying through ZZ^*'^ into 4e, 2e2/i and Afx, is one of the most 
promising Higgs discovery channels for Higgs masses above ~ 130 GeV, although, as shown in Fig. [HI 
the expected significance drops in the neighbourhood of Mh ~ 160 GeV where H — t- WW peaks 
(see Fig. [1]). The production cross-section, dominated by gluon fusion in this mass range, is large 
and so is the branching ratio into ZZ^*') which is sizeable for Mh ^ 130 GeV. The channel yields 
a significant, very clean and simple multi-lepton final state signature. Furthermore, it provides a 
precise determination of the Higgs boson mass and, to a lesser extent, cross-section and also allows, 
via angular and mass distributions, the determination of the spin and CP quantum numbers of the 
Higgs boson [56|[57]. 

The CMS analyse£§ are based on the production through gluon fusion and vector boson fusion. 
The Higgs boson signal is characterized by two pairs of isolated primary electrons and muons. One 
pair in general results from a Z boson decay on its mass shell. In the analyses the main background 
processes considered are tt, Zbb — )■ 2lbb and ZZ — )■ 41. In order to extract the expected experimental 
sensitivity a sequential cut based approach is used and the search is performed with a window in 
the hypothetical mass Mh- The SM signal and background rates as well as the significances are 
given in Table [2 The resulting significances are very similar in the three different subchannels 
(both in the SM and in the composite Higgs models) so that we only discuss the significance for 
the combined channels, which is shown in Fig. [8] for the SM. For the calculation of the composite 
Higgs significances with 30 fb~^ integrated luminosity, we use the Poisson significance Sp as defined 
in the appendix, neglecting the systematic uncertainty of the background, which has only a small 
effect. 

The significances for both MCHM4 and MCHM5 are presented in Fig. [10] as contour lines in the 
plane {Mh, 0- '^^^ values along the ^ = axis coincide with the SM numbers scaled up to 30 fb~^. 
In MCHM4 (left plot), the significance degrades as usual with increasing ^ due to the reduction in 
the production cross-section but remains sizeable up to large values of ^ due to its initially large 
value at ^ = 0. In MCHM5 (right plot), the significance follows in its horizontal behaviour the 
SM change in the significance with the Higgs mass. The vertical behaviour as function of results 
mostly from the variation of the cross-sections with ^ which drops considerably at ^ = 0.5 where 

^''We used Section 2.2 of the CMS TDR [51] and CMS Note 2006/115 [5^ (for 4e); Section 3.1 of the CMS TDR 
and CMS Note 2006/122 [59] (for 4fj,)- Section 10.2.1 of the CMS TDR and CMS Note 2006/136 [60] (for 2e2/i); and 
the more recent CMS PAS HIG-08-003 [61]. 
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Mh (GeV) 


115 


120 


130 


140 


150 


160 


170 


180 


190 


200 


s 


0.18 


0.33 


1.27 


2.43 


3.05 


1.51 


0.73 


1.78 


6.5 


7.08 


b 


0.16 


0.19 


0.29 


0.42 


0.47 


0.47 


0.61 


1.38 


2.74 


3.52 


ScMS 




0.13 


1.32 


2.22 


2.64 


1.36 


0.50 


1.09 


2.92 


2.87 


Sp 




0.13 


1.35 


2.24 


2.64 


1.38 


0.50 


1.09 


2.96 


2.92 



Tabic 2: Number of signal s and background events b and resulting significance Scms expected for the 
SM Higgs search in the channel H ^ ZZ ^ 2121', with J C ^ 1 fb"\ as given in Ref. [Slj, Table 3. To 
extend the Higgs mass range, the point Mh = 115 GeV has been added using results from refs. [58ti60] . 
For comparison, the last row gives the expected Poisson significance S'p for J C = 1 fb^^, with systematic 
background uncertainties Ab included (as defined in the appendix), and with Ab/b = 0.21 (0.08), for low 
(high) Higgs masses. 




120 140 160 180 200 120 140 160 180 200 

Mh [GeV] Mh [GeV] 



Figure 10: The combined signal significance for the channels H ZZ 41 in the {Mh,(,) plane with an 
integrated luminosity of 30 fb~^ for MCHM4 (left) and MCHM5 (right). The darker the color, the higher 
the significance. The contours correspond to a significance of 1, 3, 5 and IOct. 

tlie Yukawa couplings are zero. The drop is partially compensated by the enhancement in the ZZ 
branching ratio in this region (see Figs. [1] and [7]). Thus the significance is worst along intermediate 
values of ^ and higher for large values of ^ where the gluon-fusion cross-section is enhanced. Here 
it can even exceed the SM significance for Higgs mass values above ~ 180 GeV. 

4.5 H WW 2l2u 

The Higgs decay into WW which subsequently decay into leptons is the main discovery channel 
in the intermediate region 2My/ ^ Mh ~ 2Mz where the Higgs branching ratio into WW is close 
to one. This channel has seen its revival after it was realized that the spin correlation in the 
W~^W~ system can be exploited to extract the signal from the background [62]. The signature 
is characterized by two leptons and missing high energy. Since no narrow mass peak can be 
reconstructed, a good background control and a high signal to background ratio are needed. The 
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considered production mechanisms used in the CMS analvsea I are both gluon fusion and vector 
boson fusion. The SM data for this channel are collected in Table El We use the ScP2 significance 
(see the appendix) including a background systematic uncertainty estimated to be 14.6% at 1 fb~^. 
The SM result for 30 fb"-"^, with background systematic uncertainty scaled down to 10%, is shown 
in Fig. [8] (we calculate the significance simply from the total numbers of signal and background 
events. The CMS analysis is performed first with the ee, efj, and fifi subchannels separately which 
are then combined). 



Mh (GeV) 


120 


130 


140 


150 


160 


170 


180 


190 


200 


s 


7.5 


17.3 


31.4 


24.4 


67.5 


66.8 


50.9 


31.2 


29.6 


b 


87.3 


89.4 


121.4 


42.5 


37.4 


40 


67.3 


73.3 


115.8 


ScMS 


0.55 


1.0 


1.55 


2.4 


5.93 


6.1 


3.35 


1.95 


1.45 


ScP2 


0.46 


1.03 


1.42 


2.4 


6.16 


5.89 


3.42 


2.08 


1.39 



Table 3: Number of signal and background events and resulting significance expected for the SM Higgs 
search in the channel H WW 2l2v, with J C = l fb"\ as given in Ref. [64], Table 9 and Fig. 6. The 
last row gives the expected significance ScP2{s, b, Ab) (as defined in the appendix), with Ab/b — 0.146 and 
for JC = 1 ib~\ 




120 140 160 180 200 120 140 160 180 200 

Mh [GeV] Mr [GeV] 



Figure 11: The signal significance in the channel H — >■ WW — >■ 2121/ in the {Mh, £,) plane with an integrated 
luminosity of 30 fb"^ and 10% background systematic uncertainty for MCHM4 (left) and MCHM5 (right). 
The contours correspond to a significance of 1, 3, 5 and lOcr. 



The results for the expected significances in MCHM4 and MCHM5 are presented in Fig. [TT] as 
contour lines in the plane {Mh,C)- As usual, the values along ^ = agree well with the CMS SM 
results. The significance in MCHM4 degrades with increasing ^, but remains sizeable up to large 
values of ^ due to its initially large value at ^ = 0. The value of ^ at which the significance really 
deteriorates compared to the SM one depends on the Higgs mass. For MCHM5, we find the usual 

"The relevant CMS documents are Section 10.2.2 of the CMS TDR |5j, the CMS Note 2006/047 [63] and the 
most recent CMS PAS HIG-08-006 [Bl]. 
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behaviour, with the smallest significances at ~ 0.5, the value that determines an approximate axis 
of symmetry for the resulting significances. As for the previous channels, the expected significance 
is larger than 5a in a sizeable portion of parameter space and exceeds the SM significance at 
large values of ^ where the Yukawa couplings, and hence the gluon- fusion process, are significantly 
enhanced. These regions with largest significances, however, are already being probed and a priori 
excluded by the Tevatron (see Section [3]) , which exploits the same decay channel. 

4.6 H WW lujj 

The Higgs search in vector boson fusion with subsequent decay H — >■ W'^W" — )• l^vjj is very 
important to cover the Higgs mass region 160 GeV;$ Mh ~ 180 GeV where the H — )• ZZ* branching 
ratio is largely suppressed because of the opening of — >• W~^W~ . Due to the possibility of direct 
Higgs mass reconstruction, it complements the previous search channel, which has two unobservable 
neutrinos in the final state. The event topology is characterized by two forward jets, two central 
jets from the W hadronic decay, and one high px lepton and missing transverse energy from the W 
leptonic decay. Furthermore, an extra jet veto can be applied to efficiently reduce the background. 
The large background necessitates robust reconstruction and selection strategies to extract the 
signal from the background and minimize the systematic uncertainties. The SM data for this 
channel are collected in Table |jp| . For the calculation of the significances in the composite models, 
we use the ScL' significance (see the appendix) including a background systematic uncertainty 
of 16%. The SM result at 30 fb~^ is shown in Fig. [8l The significance is larger than 5cr for 
Mh > 135 GeV. 



Mh (GeV) 


120 


130 


140 


150 


160 


170 


180 


190 


200 


s 


6.93 


19.92 


49.68 


69.51 


89.67 


90.18 


82.14 


70.2 


59.49 


h 


34.92 


34.92 


34.92 


34.92 


46.95 


46.95 


46.95 


46.95 


46.95 


ScMS 


0.8 


2.25 


5.3 


7.3 


8.1 


8.15 


7.3 


6.25 


5.3 


ScV 


0.84 


2.34 


5.52 


7.47 


7.86 


7.90 


7.26 


6.29 


5.4 



Table 4: Number of signal and background events and resulting significance expected for the SM Higgs 
search in the channel H — > WW — ?> Ivjj, at / £ = 30 fb~^ with full extra jet veto, as given in Section 10.2.4 
of the CMS TDR [ST], Tables 10.12, 10.13 (rescaling the integrated luminosity) and Fig. 10.19. The last 
row gives the expected significance ScL'{s,b, Ab) (as defined in the appendix) with Ab/b = 0.16 and for 
/£ = 30 fb-^ 

The results for the expected significances in MCHM4 and MCHM5 are presented in Fig. [12] 
as contour lines in the plane {Mh,(,)- As usual, the values along ^ = agree well with the CMS 
SM results. The significance in MCHM4 degrades with increasing ^ but remains sizeable up to 
large values of ^ due to its initially large value at ^ = 0. The significance never exceeds the SM 
significance. Due to the fact that only vector boson fusion (which is always suppressed compared 
to the SM cross-section) production is considered, MCHM5 does not exhibit the usual symmetric 
behaviour around the axis = 0.5. The behaviour is quite similar to that in MCHM4 with the 
differences that, in MCHM5, the regions with higher significance are larger for low ^ values, but 
smaller for values of > 0.6. The former is due to the enhanced branching ratio into WW in 

^^The relevant CMS documents are Section 10.2.4 of the CMS TDR [ST] and the CMS Note 2006/092 [53]. 
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Figure 12; The signal significance in the channel H — > WW — > Ivjj in the [Mh, plane with an integrated 
luminosity of 30 fb^^ and 16% background systematic uncertainty for MCHM4 (left) and MCHM5 (right). 
The contours correspond to a significance of 1, 3, 5 and lOcr. 

MCHM5, reaching its maximum at ^ = 0.5 where the Yukawa decay channel into hb is closed. The 
latter is due to the suppressed branching ratio into WW for values of beyond 0.5, where in turn 
the decay into hb is enhanced. 

Two regions are worthwhile discussing in more detaih Both MCHM4 and MCHM5 exhibit an 
edge in the significance around Mh ~ 150 GeV. This is due to the larger background values used 
in the CMS analyses for Mh > 160 GeV (due to a different hadronic W mass selection window for 
Mh < 160 GeV). Finally, MCHM5 shows a bulge with higher luminosity around ^ ~ 0.5 extending 
to lower Higgs mass values. This is due to the enhanced branching ratio into WW for ^ = 0.5. 
Altogether the expected significance is at most as good as in the SM and larger than 5cr only for 
C < 0.5. 



4.7 H ^ TT ^l+j + Eip"-^^ 

In parton- level analyses [66], as well as in studies with detector simulation [67], it was shown that 
Higgs production in vector boson fusion with subsequent decay into r leptons is an important 
search channel at low Higgs masses, Mh ~ 140 GeV. In this mass region the H ^ tt decay is 
second in importance after the bb decay (which cannot be exploited because of the large QCD 
background). Although this is not the main channel in that region, it can contribute to improve 
the total significance when combined with other channels. Furthermore this channel adds to the 
determination of the Higgs couplings [66] • 

The signature of the signal process are a high px lepton and a T-jet, two energetic forward 
jets and the total missing Et of the system. The backgrounds considered in the analvsij^ are 
the irreducible ones from QCD and electroweak Z/^* boson production with 2 or 3 associated jets 
and the reducible background processes from W+ multi-jet and tt events. The background can 

"The relevant CMS documents are Section 10.2.3 of the CMS TDR [ST], the CMS Note 2006/088 [SH]. 
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efficiently be reduced by using tlie cliaracteristics of tlie weak boson fusion process, whicli are tlie 
wide rapidity separation of the two leading quark jets and the suppressed hadronic activity in the 
central region due to the absence of colour exchange between the forward quark jets. The SM 
data for this channel are collected in Table [5j We use the Poisson significance (see the appendix) 
including a background systematic uncertainty estimated to be 7.8%. The SM result is shown in 
Fig. El 



Mh (GeV) 


115 


125 


135 


145 


s 


10.5 


7.8 


7.9 


3.6 


b 


3.7 


2.2 


1.8 


1.4 


ScMS 


3.97 


3.67 


3.94 


2.18 


Sp 


4.01 


3.70 


3.97 


2.19 



Table 5: Number of signal and background events and resulting significance expected for the SM Higgs 
search in the channel H ^ tt I + j + E^'^" , with / £ = 30 fb"^ as given in Section 10.2.3 of the CMS 
TDR [51], Table 10.10. The last row gives the expected Poisson significance Sp (as defined in the appendix) 
with Ab/b = 0.078 and for / £ = 30 R^^ . 




115 120 125 130 135 140 145 115 120 125 130 135 140 145 

Mh [GeV] Mr [GeV] 

Figure 13: The signal significance in the channel 7J — >■ rr — Z + j + EJp''^'^ in the {Mh,(,) plane with 
an integrated luminosity of 30 fb~^ and 7.8% background systematic uncertainty for MCHM4 (left) and 
MCHM5 (right). The contours correspond to a significance of 1, 3 and 5a. 

The results for the expected significances in MCHM4 and MCHM5 are presented in Fig. [13] 
as contour lines in the plane [Mn^Cj- As usual, the values along ^ = agree well with the CMS 
SM results. The significance in MCHM4 degrades with increasing ^. MCHM5 produces a similar 
decrease in significance, since only vector boson fusion production is considerecj^. For ^ < 0.6 
the significance is lower than in MCHM4 because of the suppressed branching ratio into rr which 
vanishes finally at ^ = 0.5. Beyond this value it increases with rising ^ so that at high ^ values, 

^''in this region with ^ ~ 1 the gluon-fusion process pp ^ H + j tt + j of Refs. |53II54) would be important. 
Nevertheless, this region is already covered by the channel H — > ZZ — > 2121' . 
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MCHM4 and MCHM5 show a similar behaviour. Unlike in the previous channels, the expected 
significances in both models are always less than 5a, since already in the SM the significances 
range below this value. MCHM4 and MCHM5 cannot compensate for that as with the vector 
boson fusion process the production cross-section is always smaller than in the SM and the increase 
in the branching ratio into rr in MCHM5 cannot keep up with that. 
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Figure 14: The significances in different channels as a function of the Higgs boson mass in the SM = 0, 
upper left) and for MCHM4 with ^ = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right). 



5 Summary of results and conclusions 

Combining the various channels discussed in the previous section gives an overall view of the 
expected significances and interplay of the different search channels we have discussed. Figures O 
and 1151 summarize the situation in MCHM4 and MCHM5, respectively, presenting as a function 
of A^H the different expected significances and the total combined one. We choose the three 
representative values ^ = 0.2,0.5 and 0.8 and also show the SM case (^ = 0) for comparison. 

In both models, for ^ = 0.2 the expectations are less promising than in the SM. Both the 
gluon fusion and the gauge boson fusion production cross-sections are reduced, so that all the 
significances move downwards. Also, in MCHM5, this cannot be compensated by the enhancement 
of the branching ratios into 77 and massive gauge bosons. The overall significance in MCHM5 is 
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Figure 15: The significances in different channels as a function of the Higgs boson mass in the SM = 0, 
upper left) and for MCHM5 with ^ = 0.2 (upper right), 0.5 (bottom left) and 0.8 (bottom right). 



worse than in MCHM4 because the gluon-fusion process, which contributes to the main channels 
H — )• ZZ — )• 4/ and H — )• WW — )■ 2l2u, is more strongly suppressed than in MCHM4. Nevertheless, 
by combining several search modes, discovery with an integrated luminosity of 30 fb~^ will still be 
possible. 

The situation looks worse for ^ = 0.5. In MCHM4, the combined significance drops below 5a 
for the interesting range Mh < 125 GeV. A more sophisticated treatment of the — )• 77 channel 
(like the one performed by CMS [51]) would be required to improve the significance in that region, 
or other alternative search channels should be exploited (see below). In MCHM5, the combined 
significance is much worse (as the inclusive production cannot be exploited here anymore) and 
barely reaches 5a in some ranges, although these include the interesting low mass range, thanks 
to the enhanced Higgs branching ratio into photons. In fact, this channel seems to be good for 
searches for Higgs masses below 120 GeV, as the tendency of the curve implies. However, in order 
to confirm this, experimental analyses for masses below 115 GeV, which are not yet excluded in the 
composite model, would be needed. For higher masses only the weak boson fusion with subsequent 
decay into WW can be exploited. 

For ^ = 0.8, the situation is totally different in the two models. In MCHM4, the progressive de- 
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Figure 16: The total 5(t significance for the combined cliannels in tlie (A/^,^) plane with an integrated 
luminosity of 30 fb"^ for MCHM4 (left) and MCHM5 (right), as in the previous figures the darker region 
corresponds to the higher significance. The Tevatron exclusion bounds (green) from Section [3] are also 
reported. The red continuous line delineates the region favored at 99% CL (with a cutoff scale fixed at 
2.5 TeV) while the region below the red dashed line survives if there is an additional 50% cancellation of the 
oblique parameters. The LEP exclusion bounds are only marginally visible (tiny blue region in the bottom 
left corner) since the search analyses carried out by CMS deal exclusively with Higgs masses above the SM 
LEP exclusion bound. 



terioration of the significance continues and the combined significance is always below 5o". Instead, 
for MCHM5, things look much better for masses above ~ 120 GeV. The production is completely 
taken over by the gluon-fusion process and leads to large significances in the massive gauge boson 
final states. Also the 77 final state contributes significantly above ~ 120 GeV. The tendency of the 
curve shows that, for masses above 150 GeV, this channel will still have large significance. However, 
also here experimental analyses are needed to confirm this. At low masses, the situation does not 
look as good. Since the vector boson fusion and Higgs-strahlung processes are largely suppressed 
they cannot contribute to the search channels in this difficult region. One has to rely on inclusive 
production with subsequent decay into photons. Besides an improved analysis of the — )■ 77 
mode, perhaps ttH production with H ^ bb might help. Although, as we said, this channel is no 
longer considered to be very useful in the SM, the enhancement of the gluon-fusion cross-section 
(by a factor 1.8 for ^ = 0.8) might reopen this option. 

Figure [TBI gives the 5cj-significance contour line in the plane {Mh,^) for MCHM4 and MCHM5. 
Most of the CMS analyses available did not consider Higgs mass below the SM LEP exclusion 
bound. However, by comparing Fig. [5] and Fig. [TBI we can infer that it might be worth extending 
these analyses for lower values of the Higgs mass, in particular in the region ^ ~ 0.5, where the 
LEP exclusion limit really deteriorates and the conflict with EW precision measurements is still 
not too severe. 

In summary, the search modes and corresponding significances can substantially depart from the 
SM case, even at moderately low value of ^, i.e., for large compositeness scale of the Higgs boson. 
We did not perform a full exploration of the 2D parameter space that controls the deviations of 
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the Higgs couplings, but, focusing on two particular directions in this parameter space, we have 
identified interesting and distinctive behaviors. In the first explicit model we consider, all the Higgs 
couplings are reduced compared to the SM ones and, as a result, the Higgs searches deteriorate. 
On the contrary, in the second model, for low enough composite scales, the Higgs production by 
gluon fusion is enhanced and results in searches with higher statistical significances. 

After more than 40 years of theoretical existence, the Higgs boson has a chance to show its 
face soon in the LHC detectors. Its discovery will certainly also provide us with useful information 
about the nature of the Higgs sector since the relative importance of the various production and 
decay channels measures, to a certain extent, the dynamics of this Higgs sector and will tell whether 
the force behind the phenomenon of electroweak symmetry breaking is weak or strong. 

Appendix: Significance estimators 

For a given number of expected signal and background events (s and b, respectively) there are many 
alternative ways in the literature to compute the corresponding expected significance, taking also 
into account the possible presence of a systematic uncertainty Ab on b (see [69] for a comparison of 
different possibilities). Besides the simple estimate s/Vb, we make use in this paper of the following 
definitions of significance: 

ScL[s,b] = ^/2[{s + b)log{l + s/b)-s] , 
ScL'[s,b,Ab] = ScL[s,b + Ab^] , (27) 

and 

ScP2[s, b, Ab] = 2 ( VITfe - Vfe) ■ (28) 

Note that this last definition, advocated in Eq. (A. 5) of Appendix A of the CMS TDR [51] is 
incorrectly written there |70| . 

Finally, the Poisson significance is defined as the number of standard deviations that a Gaussian 
variable would fluctuate in one direction to give the same p-value computed using the Poisson 
distribution given the numbers of signal and background events, i.e., the Poisson significance, Sp, 
is the solution of the equation 

— — = / dx^^. (29 
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